In addition, angiogenesis appears to be the predominant means of neovascularization during events such as wound healing and during pathologies such as proliferative diabetic retinopathy.
Whether vessels form by angiogenesis or vasculogenesis, the primitive vessels are subsequently remodeled. Remodeling is a poorly understood event that involves growth of new vessels and the regression of others, as well as changes in lumen diameter and vessel wall thickness, to suit the local tissue needs. Embryonic data suggest that the EC may govern the subsequent development of vessel layers. As the endothelial tubes invade organ primordia, they become surrounded by locally derived mesenchymal cells (i.e. precursors of mural cells, adventitial fibroblasts) forming the medial coat (Nakamura, H., 1988) . Tissue culture studies using cocultures of EC and mesenchymal have demonstrated that EC secrete platelet derived growth factor (PDGF) BB that acts to stimulate the proliferation of the mesenchymal cells and their chemotaxis toward the EC (Hirschi, K. et al., 1998; Hirschi, K.K. et al., 1999) . These tissue culture data have been validated in vivo and a role of PDGFBB in vessel remodeling in vivo has been established by analysis of the phenotype of mice deficient for PDGF B or PDGF receptor β (Lindahl, P. et al., 1997; Hellstrom, M. et al., 1999) . Both lines of mice had reduced numbers of pericytes and smooth muscle cells, presumably due to both reduced migration and proliferation. Analysis of the microvasculature has revealed that EC of newly forming vessels are not able to attract pericyte progenitors that express PDGF receptor β (Lindahl, P. et al., 1997) . Mice deficient in PDGF B have a paucity of pericytes in the brain, heart, lung and adipose, which leads to the development of microaneurysms.
A role for the tie2-angiopoietin system in vessel assembly is also indicated by the phenotypes of knock-out mice (Dumont, D.J. et al., 1994; Suri, C. et al., 1996) . Mice deficient in tie2 or angiopoietin1 are embryonic lethal and display significant defects in vessel assembly. On the other hand, angiopoietin2 is not required for embryonic angiogenesis, but appears to be necessary for postnatal vascular remodeling (Gale, N.W. et al., 2002) . Use of gene targeting in a murine model of retinal vascularization has shown that angiopoietin2 is essential for sprouting and regression, constituent events of the remodeling process (Maisonpierre, P.C. et al., 1997; Gale, N.W. et al., 2002) .
Observations over the past several years have indicated a role for yet another mechanism in vessel formation and growth. The existence of circulating endothelial precursor cells (EPC) is well established (for review see (Rafii, S. and Lyden, D., 2003) . As for other examples of post-natal angiogenesis (Rafii, S. et al., 2002) , bone-marrow derived stem cells have been shown to contribute to retinal angiogenesis (Grant, M.B. et al., 2002; Otani, A. et al., 2002) . The extent to which circulating endothelial cell precursors contribute to neovascularization in animal models has not been determined and if the phenomenon occurs in humans is entirely unknown.
Although there are fundamental differences between angiogenesis and vasculogenesis, these two processes also share a number of regulatory features. The recent identification of a number of vesselspecific receptors and ligands combined with the ability to genetically manipulate the mouse genome has begun to provide insight into the molecular mechanisms that regulate vessel assembly. Specific molecules involved in vascular development include vascular Local increases in angiogenic growth factors such as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) during new vessel formation destabilize a portion of pre-existing vessel (usually a venule). This destabilization is associated with increased angiopoietin (ang)-2 expression and with pericyte activation, matrix remodeling, and induction of pericyte and endothelial cell (EC) migration and proliferation. Newly formed vessels are dependent on exogenous factors for their survival until they have been remodeled to mature structures. Remodeling involves EC recruitment of pericytes/smooth muscle cell (SMC) precursors via endothelial secretion of platelet-derived growth factor (PDGF). Once the mural cell precursor makes contact with the nascent vessel, transforming growth factor (TGF)-β is activated, which in turn suppresses their proliferation and migration and induces their differentiation into smooth muscle cells/pericytes. In addition to TGF-β, ang-1 produced by the pericytes is also involved in the stabilization and maintenance of the vessels. a-FGF, acidic fibroblast growth factor (or FGF-1); b-FGF, basic fibroblast growth factor (or FGF-2); CEP, circulating endothelial precursor. endothelial growth factor (VEGF) and its receptors, VEGF receptor 1 (VEGFR1, flt-1), VEGF receptor 2 (VEGFR2, flk-1) and neuropilin-1; PDGF A and B and their receptors α and β; angiopoietins (ang) 1 and 2 and their receptor tie2; and, transforming growth factor beta (TGF-β) and the TGF-β receptors 1 and 2, to name just a few (for review see (Darland, D.C. and D'Amore, P.A., 2001) .
One factor that has received a great deal of attention to date is VEGF. VEGF-A, the prototypic member of a family of secreted, homodimeric glycoproteins, is an endothelial specific mitogen and stimulates angiogenesis in vivo (Leung, D.W. et al., 1989) . VEGF also induces vascular permeability, with an effect 10,000 times more potent than that of the vasoactive substance histamine. VEGF was originally discovered based on this property and named vascular permeability factor (VPF) (Senger, D.R. et al., 1983) . Murine VEGF-A includes three biochemically distinct protein isoforms generated through alternative splicing of a single gene ( Fig. 2) (Tischer, E. et al., 1991; . These different gene products exhibit tissue-specific expression during embryogenesis (Ng, Y.-S. et al., 2001) and in the adult organism (Bacic, M. et al., 1995; Ng, Y.-S. et al., 2001) . The biochemical investigations of VEGF isoforms have focused on the distinct heparin-binding properties of the different proteins. The affinity of each VEGF isoform for heparin correlates with that isoform's level of interaction with cell surface and extracellular matrix molecules upon secretion from the cell (Houck, K.A. et al., 1992) . VEGF 120 does not bind heparin and is therefore freely soluble. VEGF164 binds heparin with moderate affinity and protein released from cells is found bound to the matrix and soluble in the media. VEGF 188 has a strong affinity for heparin and is nearly
Fig. 2. Structure and extracellular localization of the VEGF isoforms. (A)
In mice, as in humans, the different VEGF isoforms are generated by alternative splicing of one single gene. The isoforms differ by the presence or absence of heparin binding domains encoded by exons six and seven. (B) The ability of the VEGF isoforms to diffuse into the extracellular space depends on the presence of heparin binding sites. VEGF 120, which does not contain any heparin binding domains, is freely diffusible, whereas VEGF188 remains bound to the surface and/or extracellular matrix of the VEGF-producing cell (Modification of original figure produced by Medical Graphics, Boston, MA, USA). active differentiation. This intense angiogenic process is followed by the eradication of part of the vessels, a process called pruning, in order to adapt the blood flow to the needs and physiologic characteristics of the differentiated tissues. The mature retina is a highly metabolic neural tissue with the highest oxygen consumption per unit weight of any human tissue. In most mammals, the adult retina is vascularized by two independent circulatory systems: the choroid and the retinal vessels. During the initial development of the eye, the oxygenation of the retina is ensured by the choroidal vessels and the hyaloid system. The vascularization of the retina itself occurs only during the late gestation and is restricted to the inner part of the retina, with the outer retina completely avascular to ensure visual function. The hyaloid vessel system is a dense, but transient, intraocular circulatory system that undergoes progressive and nearly complete regression during the latest stage of ocular development as the lens, the vitreous and the retina mature.
The choroidal vascular system
During early development, the ocular vascular system emerges from the mesoderm surrounding the newly formed optic cup. At the 5 mm stage in humans, the primitive dorsal and ventral ophthalmic arteries branch from the internal carotid artery. The hyaloid artery arises from the primitive dorsal ophthalmic artery, passing through the embryonic fissure into the optic cup. The uveal vascular system develops as early as the invagination of the optic vesicle (4-5 mm stage), with the formation of a large plexus of primitive vessels originating from the neural tube vascular system and extending around the outer layer of the optic cup. The initial vascular layer completely sequestered to the cell surface and extracellular matrix after its secretion.
Studies of the mitogenic effects of the VEGF isoforms indicate that they differ in their biological potency with VEGF164 100-fold more mitogenic than VEGF120 (Keyt, B.A. et al., 1996) .
Identification of a receptor, termed neuropilin-1, that binds VEGF 164 but not VEGF120 (Soker, S. et al., 1996) further supports the hypothesis that the various VEGF isoforms are not functionally equivalent. Functional evidence to support distinct roles for the isoforms is now emerging. Mice that express only VEGF120 live to term but die within 2 weeks of birth as a result of a variety of vascular defects (Carmeliet, P. et al., 1996) . We have also found vascular defects in VEGF188/188 mice including abnormal vascular remodeling in the lung and retina (Galambos, C. et al., 2002; Stalmans, I. et al., 2002) . Taken together, these finding prove that the VEGF isoforms are not functionally equivalent and that they serve specific functions during vascular development.
II. Embryonic development of the ocular vasculature
The development of the eye, as other organs, depends on the concomitant formation of a complex vascular system to provide nutrients and oxygen for the ocular tissues at the time of their A B expands and increases in density, following the spreading pigmentation in the retinal epithelium from the posterior pole to the rim of the optic cup. At the 13 mm stage, choroidal capillaries completely encircle the optic cup but remain separated from the neural retina by the basement membrane of the retinal pigment epithelium (RPE). At the anterior rim of the cup, the choroidal plexus anastomoses and forms a circular vessel, the annular vessel. During the second and third months of gestation, this primitive plexus is organized into a complex network. The choroidal vessels connect to posterior ciliary arteries, the vortex veins that drain the plexus develop and the definitive choriocapillaris layer appears.
Whereas the choroidal endothelial cells originate from the paraocular mesenchyme, all other cells of the choroid, such as stromal cells, melanocytes and pericytes, are derived from cranial neural crest (Torczynski, E., 1982; Etchevers, H.C. et al., 2001) . The neural crest cells migrate around the optic vesicle during the closure of the neural tube. These undifferentiated mesenchymal cells are the source of the melanocytes and stroma of the choroid. Pigmentation is a late process in the differentiation of the choroid, as melanin appears between 6 and 7 months and is complete at birth.
Although the molecular mechanisms that govern the formation of the choroid are largely unstudied, the development of the choroidal vasculature appears to depend on the presence of differentiated RPE and their production of inductive signals. The expression of fibroblast growth factor (FGF)-9 under the control of a tyrosine-related protein 2 promoter has been shown to convert most of the RPE into neural retina and to inhibit the formation of the choroid (Zhao, S. and Overbeek, P.A., 2001) . Interestingly, it has been observed in human patients with colombas that failure of RPE differentiation leads to defective development of the choroid and sclera (Torczynski, E., 1982) . In vitro, RPE cells are able to stimulate tube formation by choroidal cells, an effect that is inhibited by the administration of bFGF and VEGF neutralizing antibodies (Sakamoto, T. et al., 1995) . In a mouse model in which a dominant negative FGFR1 is over-expressed in the RPE, choroidal vessels fail to completely develop and remain immature (Rousseau, B. et al., 2003) , implicating bFGF in choroidal development. Recently, VEGF and its receptor VEGFR2 have been shown to be highly expressed by the RPE and the underlying mesenchyme, respectively, at the time of the choriocapillaris formation both in humans (Gogat, K. et al., 2004) and rodents (Yi, X. et al., 1998; Zhao, S. and Overbeek, P.A., 2001) . Together these findings suggest that RPE expression of angiogenic factors such as VEGF and bFGF may be involved in the development and the differentiation of the choroidal vasculature.
The hyaloid vascular system
The process of intraocular vascularization begins with the entry of the hyaloid artery into the optic cup through the fetal fissure. Rapidly, the hyaloid artery extends through the primitive vitreous, reaching the posterior pole of the forming lens at the 7 mm stage. Intense branching of the main vessels over the lens surface forms a dense capillary network, called the tunica vasculosa lentis (TVL), at the 8-9 mm stage. The wide-meshed capillary network of the TVL anastomoses with the annular vessel at the anterior border of the cup and connects to the choroidal vasculature. The hyaloid system is characterized by the absence of veins; all hyaloid vessels are arteries and the venous drain is accomplished by the choroidal veins. As the lens develops, the TVL expands to reach the anterior part of the lens and forms the pupillary membrane (PM). The development of the hyaloid vascular system (HVS) is complete at 40-60 mm stage and provides all nutrients to the intraocular components of the developing eye. It is at this stage, which coincides with the development of the retinal vasculature, that the first evidence of hyaloid vessel regression can be detected (Zhu, W.H. et al., 2000) .
The precise events and factors involved in the formation and the subsequent regression of the HVS remain poorly defined. Expression studies have shown that VEGF is expressed in the lens in proximity to the forming TVL and PM (Mitchell, C.A. et al., 1998; Shui, Y.B. et al., 2003; Gogat, K. et al., 2004) , suggesting that VEGF may be one of the factors that triggers the growth of these two vessel networks. VEGF has been suggested to increase vascular permeability, at least in part by inducing a fenestrated endothelial phenotype (Roberts, W.G. and Palade, G.E., 1995; Bottinger, E. et al., 1997) . Thus, the localization of VEGF expression in the vicinity of the TVL and the PM could explain the presence of fenestrations only on the side of the capillaries facing the lens (Sellheyer, K. and Spitznas, M., 1987) . Finally, a role for VEGF in the formation of the HVS is also supported by the observation that overexpression of VEGF in the developing lens results in endothelial cell hyperplasia, leading to the formation of a disorganized and persistent intravitreal vascular network (Ash, J.D. and Overbeek, P.A., 2000) .
The retinal vasculature
The molecular and cellular mechanisms involved in the retinal vascularization have been the subject of extensive studies. These have led to major breakthroughs in understanding normal and pathological vascularization processes including the interrelationships among metabolism, hypoxia and vascular outgrowth. In many mammals, the retina remains avascular as its thinness permits an efficient diffusion of oxygen from the choroid. Thus, the formation of the retinal vasculature is associated with the thickening of the retina (Dreher, Z. et al., 1992) . Retinal blood vessels are organized in two planar layers that are restricted to the inner layers of the retina. As in the central nervous system, the retinal vascular network is characterized also by its blood-barrier status. This specialization of the endothelial cells is apparently induced by interaction with other cells that participate in retinal vascularization including the Müller cells (Tout, S. et al., 1993) and the astrocytes (Janzer, R.C. and Raff, M.C., 1987). In human retina, the primitive vessels emerge from the optic disc at the base of the hyaloid artery early in the fourth month. During the next four months, the initial network extends and spreads to the periphery of the retina. The formation and maturation of the retinal vascular network is completed only after birth.
The development of the retinal vasculature is frequently used as a model for the mechanisms involved in embryonic vascular development, particularly for the processes of vascular remodeling and maturation. In the 1950's, based on his observations on the growth and organization of the retinal vessels, Michaelson suggested the existence of a "vasoformative factor" whose production would be induced by the local metabolic needs. This factor would be involved not only in the development of the normal retinal vasculature but also in the pathologic neovascularization of the retina (Michaelson, I.C. et al., 1954) . The description of this factor that would later be named VEGF was the starting-point of numerous studies that lead to our current understanding of the processes and molecules involved in retinal vascularization. Many investigators have described the retinal vascularization as a twostep process, involving the initial formation of the primary internal vascular network by vasculogenesis, followed by an angiogenic phase leading to the deep secondary network (Flower, R.W. et al., 1985) (Chan-Ling, T. et al., 1990 T. et al., ) (McLeod, D.S. et al., 1987 . The hypothesis that the primary retinal vessels are formed via vasculogenesis is based on the observations of "angioblasts" invading the retina before the appearance of differentiated endothelial cells. These vascular precursors have been described as 'spindle-shaped' cells migrating from the optic disc to the retinal periphery. The alignment of these "angioblasts" in vascular cords is followed by lumen formation and differentiation into a primitive vascular network. Finally, via the poorly understood process of remodeling the vessels become mature veins, arteries and capillaries. Until recently, the spindle-shaped cells were only visualized using relatively non-specific stains (Nissl staining, ADPase staining and lectins), as these cells do not express specifics markers of the immature endothelium such as NADPH diaphorase (Provis, J.M. et al., 1997) , CD31 (Provis, J.M. et al., 2000) , CD34 (Hughes, S. et al., 2000) or VEGFR2 (Fruttiger, M., 2002) . In humans, only CD39, a marker of vascular precursors characterized as an ecto-ADPase, has been recently detected in isolated cells in advance of the leading edge of retinal vessels which seems to confirm the idea that angioblasts participate in retinal vascularization (Chan-Ling, T. et al., 2004) . However, using a combination of in situ hybridization and immunohistochemistry, it was determined that during the postnatal phases of murine retinal vascularization, no cells beyond the vessels front are positive for VEGFR2 and only the vascular cells express VEGFR2. In contrast, the spindle cells express PDGFRα, a marker of astrocytes, which is involved in the expansion and the proliferation of the retinal astrocytes (Fruttiger, M. et al., 1996) . Fruttiger proposed that the retina is vascularized in the same manner as the central nervous system by a process entirely angiogenic and that the spindle cells are not angioblasts but are rather astrocytic precursors (Fruttiger, M., 2002) . If such a discrepancy in the results could be explained by species specificity, the occurrence of vasculogenesis in the formation of the primary vascular network remains controversial and a definitive answer awaits the unequivocal demonstration of the presence and contribution of endothelial precursors in the process of the retinal vascularization.
An understanding of the major factors involved in the retinal angiogenesis was initially provided by studies of the relationship between the microglia and vascular growth. Retinal vessel development was shown to follow the differentiation of the neural cells and proposed that vascularization depends on an increase in neuronal activity as the retina matures and the associated development of a 'physiologic hypoxia' (Fig. 3) . The hypothesis that VEGF is regulated by hypoxia guided the following studies that described the general mechanisms of retinal vascularization . VEGF expression in the retina is highly controlled both spatially and temporally. During vascularization, VEGF is sequentially expressed by two types of microglia: the astrocytes, in the ganglion cell layer of the retina, and the Müller cells, localized in the internal nuclear layer. The astrocytes and Müller cells participate in the development of the superficial and deep vascular layers, respectively . As the astrocytes proliferate and differentiate via the PDGF A produced by the neuronal cells, they respond to hypoxia by increasing their synthesis and secretion of VEGF, which in turn induces centrifugal vascular growth along the network formed by the astrocytes.
The ability of hypoxia to induce VEGF expression depends on the binding of the transcription factor hypoxia-inducible factor-1 (HIF-1) to the hypoxia responsive element (HRE) present on the target genes. HIF-1 is a heterodimer composed of the HIF-1α subunit and a constitutively expressed HIF-1β subunit. The activity of HIF-1 is regulated by the stability of the subunit HIF-1α, which is rapidly degraded under normoxic conditions via the von Hippel-Lindau tumor suppressor gene product (pVHL)-mediated ubiquitinproteasome pathway. Hypoxia inhibits HIF-1α ubiquitinylation and degradation; leading to its accumulation, transfer into the nucleus, and the formation of the HIF-1 complex (for review see Maxwell, P.H. and Ratcliffe, P.J., 2002) . An increase in HIF-1α expression has been shown to be correlated with VEGF expression both during normal and pathologic retinal vascularization in mouse (Ozaki, H. et al., 1997) , which confirms the essential role of hypoxia in the regulation of VEGF expression in the retina.
Behind the front of vascularization, the increased oxygen supply suppresses VEGF expression, thereby preventing excessive vascular development. The existence of physiologic hyperoxic zones, such as occur around arteries, leads to the down regulation of VEGF. Since VEGF is a well-known endothelial cell survival factor , the absence of VEGF can induce apoptosis of endothelial cells and thus obliteration of undifferentiated vessels. VEGF depletion during this particular stage, or "plasticity window", is responsible for the pruning and remodeling of the capillary network in order to meet the metabolic needs of the retina. This characteristic plasticity of developing retinal vessels is also responsible for the hypoxiadependent pathologic neovascularization (see Section III. Angiogenesis and ocular pathologies).
The requirement for exogenous VEGF appears to be associated with the lack of pericyte coverage (Benjamin, L.E. et al., 1998) . Thus, it appears that the association of nascent vessels can replace the cell requirement for exogenous VEGF. In vitro and in vivo studies have demonstrated that pericytes synthesize and secrete VEGF, which is hypothesized to account for at least a portion of the mechanism by which pericyte-mediated stabilization of vessels occurs (Darland, D.C. et al., 2003) . A similar process implicating the Müller cells induces vascularization of the deeper retina. The increase in metabolic demand associated with the activation of the photoreceptors provokes a second round of hypoxia-dependent VEGF secretion, this time by the Müller cell, which leads to the radial sprouting of endothelial cells into the internal layer of the retina .
Though the essential role of VEGF during retinal vascularization is well established, the functions of the individual VEGF isoforms are still under investigation. Gene targeting that allowed the production of mice expressing a single VEGF isoform strongly suggest that the VEGF isoforms serve distinct roles and functions during angiogenesis (Carmeliet, P. et al., 1996; Stalmans, I. et al., 2002) . Mice that express only VEGF 164 display a normal retinal vasculature, indicating that this isoform contains all the "information" needed for the development and organization of the retinal vascular network, whereas mice that express only VEGF120 or VEGF 188 exhibit abnormal retinal vascularization, with reduced vascular outgrowth and defective artery-vein patterning. For example, the retina of VEGF 188/188 mice is characterized by aberrant formation of arterial vessels whereas the veins are normal (Stalmans, I. et al., 2002) . Thus, the VEGF isoforms appear to perform specific functions during retinal vascularization.
III. Angiogenesis and ocular pathologies Choroid: age-related macular degeneration
Age-related macular degeneration (ARMD) represents the primary cause of blindness in individuals 65 and older in the industrialized nations. ARMD is classified as two major forms, the exudative (wet) type (Fig. 4 ) and the non-exudative (dry) type (Fig. 5) . Exudative ARMD is characterized by the pathologic outgrowth of new vessels from the choroid. Choroidal neovascularization (CNV) extends through Bruch's membrane into the subretinal space. The accumulation of fluid or blood in the posterior part in of retina in association with CNV can lead to the detachment of the RPE or retina, resulting in central vision loss.
Among the several vascular growth factors including VEGF (Frank, R.N. et al., 1996; Kvanta, A. et al., 1996; Lopez, P.F. et al., 1996) , bFGF (Frank, R.N. et al., 1996) its expression is increased after laser-induced CNV in rats (Ogata, N. et al., 1996) . However, a direct role for bFGF in the progression of CNV is unclear as studies with bFGF knock-out mice revealed that the absence of bFGF does not affect the formation of experimental CNV (Tobe, T. et al., 1998) . Yamada et al., demonstrated that overexpression of bFGF by the photoreceptors can lead to CNV after disruption of Bruch's membrane and the photoreceptors by laser photocoagulation (Yamada, H. et al., 2000) , suggesting that the angiogenic potential of bFGF depends 
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the overlying photoreceptors and the underlying choriocapillaris. On fluorescein angiography, GA appears as a discrete area of hyperfluorescence. GA can also progress to a wet form of AMD, as 34 % of the patients with GA eventually present CNV (Green, W.R. and Enger, C., 1993) . GA often develops in the macular areas just outside the fovea and progresses into the foveal center in its late stage. A patient's visual problems are directly related to development of visual blind spots (scotomas) within the central visual field. Histopathological studies of eyes with GA show isolated areas of RPE loss, and it has been speculated that the loss of the choriocapillaris is secondary to the absence of RPE (Sarks, J.P. et al., 1988 ) (McLeod, D.S. et al., 2002 . Clinical observations reveal that early changes in the RPE layer precede the atrophy of the choriocapillaris in AMD, suggesting that choriocapillaris pathology is secondary to RPE lesions (Sarks, S.H., 1976; Young, R.W., 1987) . In addition, studies of animal models have demonstrated that chemical or mechanical destruction of the RPE leads to loss of fenestrations and atrophy of the underlying choroidal vessels (Korte, G.E. et al., 1984; Del Priore, L.V. et al., 1995) . Interestingly, the remaining choriocapillaris acquire an altered phenotype, lacking the typical capillary fenestrae and becoming encased in dense, collagenous connective tissue. Similarly, abrasive removal of the RPE has been demonstrated to cause ultrastructural alterations in the underlying Bruch's membrane and choriocapillaris complex, closely representing clinical GA (Leonard, D.S. et al., 2003) . Together, these data suggest that the crucial relationship between the RPE and the choroidal vessels observed during development persists in the adult. Among the different growth factors expressed by the RPE, VEGF is a good candidate for mediating RPE survival effects on choroidal vessels. In humans, it has been shown that RPE in vivo secrete VEGF basally (toward the choriocapillaris) and that VEGF receptors are expressed on the choroidal endothelium facing the RPE layer (Blaauwgeers, H.G. et al., 1999) . These observations suggest that VEGF signaling occurs in the quiescent choriocapillaris. VEGF acts as a survival factor for developing retinal vessels in vivo and its withdrawal during the postnatal period leads to endothelial cell apoptosis in vitro (Gerber, H.-P. et al., 1999; Chow, J. et al., 2001) and in vivo (Gerber, H.-P. et al., 1999) . Thus, RPE-secreted VEGF could on a cellular injury and release of the growth factor into the extracellular space.
If RPE-derived growth factors appear to be critical in the development of CNV, the role of the RPE in wet AMD is still controversial. Some studies have suggested that the presence of RPE can reduce CNV or even induce vascular regression (Miller, H. et al., 1986; Takahashi, T. et al., 2000) . This dual function of RPE cells in promoting both the development and regression of the CNV is interestingly reflected by the paradoxical functions of pigment-epithelial derived factor (PEDF) on endothelial cells. Like VEGF, PEDF is constitutively expressed by the RPE cells. Initially described as an inhibitor of neuronal differentiation, PEDF has been shown to be a potent anti-angiogenic factor and is in part responsible for the anti-angiogenic properties of the vitreous (Dawson, D.W. et al., 1999) . One attractive characteristic of this PEDF is its regulation by oxygen. In contrast to VEGF, which is induced by low oxygen, hypoxia suppresses PEDF expression.
This leads to an inversion of the VEGF/PEDF ratio (Gao, G. et al., 2001) , which may promote angiogenesis. The efficacy of PEDF in inhibiting neovascularization has been clearly demonstrated in numerous models of AMD and retinal neovascularization. However, the true contribution of PEDF to choroidal neovascularization is unclear. Some studies reported that PEDF levels are reduced in the vitreous of AMD patients (Holekamp, N.M. et al., 2002) , suggesting that the loss of this inhibitor associated with an increase of angiogenic-factors could potentiate choroidal neovascularization. At the same time, other studies have suggested that PEDF secretion could participate in CNV. For example, high levels of PEDF are associated with both active neovascularization in proliferative diabetic retinopathy (Duh, E.J. et al., 2004) and in laser-induced CNV in the rat (Ogata, N. et al., 2002; Renno, R.Z. et al., 2002) . An angiogenic function of PEDF has been suggested by in vitro studies showing that PEDF can induce the proliferation of bovine retinal endothelial cells pre-exposed to VEGF (Hutchings, H. et al., 2002) . A better comprehension of the opposite role of PEDF on endothelial cells will depend on the characterization of the molecular mechanisms mediating PEDF action on vascular cells.
The advanced form of dry AMD or geographic atrophy (GA) is also a cause of severe visual loss in patients with ARMD (Fig. 5 ). In GA, there is localized degeneration of the RPE with atrophy of Fig. 5 (Left) . Fundus of human eye with geographic atrophy associated with age-related macular degeneration. The white atrophic zone (asterisk) extends to the nasal part of the fovea and is associated with degeneration of the retinal outer-layers, the RPE and the underlying choroidal vessels. represent a survival factor for quiescent choriocapillaris, which would account for the choroidal atrophy observed after loss of the RPE. A modification of the paracrine signals between RPE and the choroid could be involved in the atrophy of the choriocapillaris observed in GA. With age, the Bruch's membrane undergoes important changes such as an important thickening (Ramrattan, R.S. et al., 1994) and decrease of permeability (Moore, D.J. et al., 1995) that alter its normal function. It is possible that as the Bruch's membrane becomes less permeable to secreted molecules, RPE-expressed VEGF is not able to diffuse to the choriocapillaris, resulting in their atrophy.
Such a regression of the choriocapillaris observed in dry AMD could be also the initial event inducing the development of CNV. The association of localized hypoxia leading to VEGF overexpression with the damage of the Bruch's membrane due to the accumulation debris could under certain conditions evolve in a secondary neovascularization. Thus, the fate of the choroidal vessels depends on multiple cellular and molecular factors that reflect the complex etiology and outcome of the pathology.
Hyaloid: persistence of hyaloid vasculature
Failure of the hyaloid vasculature to completely regress is associated with several ocular pathologies referred to as hyperplastic primary vitreous or persistent fetal vasculature (Fig.  6 ). This condition is associated with severe intraocular hemorrhage, retinal detachment and cataract (Goldberg, M.F., 1997) . Despite its clinical importance, cellular and molecular processes involved in the normal involution of the hyaloid vessels remain unclear. One hypothesis suggests that apoptosis of the endothelial cells and pericytes could be initiated by a decrease in VEGF expression by the lens (Mitchell, C.A. et al., 1998) . However, recent findings revealed that not only is VEGF expression increased in the lens during the regression of the hyaloid vascular system (HVS) but also it persists in the adult (Shui, Y.B. et al., 2003) . Thus, it seems unlikely that the induction of the apoptotic events is associated with a loss of VEGF as a survival factor. This conclusion is supported by the fact that injection of VEGF into the anterior chamber has a limited protective effect on the regression of the PM (Meeson, A.P. et al., 1999) . Several studies have suggested that macrophages are required for the regression of the HVS. Presence of numerous macrophages inside the vitreous and associated with the hyaloid vessels has been documented by electron microscopy and immunostaining (Lang, R.A. and Bishop, J.M., 1993; Lang, R. et al., 1994; Ito, M. and Yoshioka, M., 1999; Perou, C. et al., 1999) . Based on intravitral microscopy, it has been proposed that the regression of the PM is divided in a twostep process: an initiating apoptosis that is dependent on the activity of the macrophages, followed by the synchronous death of the endothelial cells as a direct consequence of the cessation of blood flow and/or the loss of survival factors such as VEGF (Meeson, A. et al., 1996; Meeson, A.P. et al., 1999) . This model could be extended to the HSV where the vasoconstriction of the proximal hyaloid arteries precedes the involution of the hyaloid network (Browning, J. et al., 2001) .
The signals or process initiating the transition to apoptosis and the activation of the macrophages in the HVS are still unknown. Studies based on the analysis of transgenic animals have implicated numerous growth factors and molecules in the progression of the hyaloid vessels regression (see Table 1 ), including LRP5 (Kato, M. et al., 2002) , Arf (McKeller, R.N. et al., 
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Retinopathy of prematurity A role for VEGF in the pathogeneses of ROP has been clearly established. As described earlier, analysis of the cat and mouse retina has revealed that astrocytes migrate into the developing postnatal retina in front of the forming vasculature (Stone, J. et al., 1996) . A "physiologic hypoxia" develops, due to the increased metabolic demands of the differentiating neural retina, leading to upregulation of astrocyte VEGF production (Fig. 3) . The gradient of VEGF thus produced mediates continued vascularization of the ganglion cell layer. Synthesis of VEGF by the Müller cells, also stimulated by local oxygen deficit, induces the sprouting of the vasculature downward into the inner nuclear layer. Once metabolic demands are met, hypoxia subsides and VEGF expression declines.
Because vascularization of the human retina takes place in the final trimester of gestation, a premature infant has an incompletely vascularized retina in which "physiologic hypoxia" has induced VEGF. Placement of an infant into high oxygen to alleviate respiratory distress suppresses VEGF expression. The reduced in VEGF leads to the cessation of vessel growth and the regression of nascent vessels that are still dependent on exogenous VEGF for their survival, a phase of ROP termed "vaso-obliteration". Once the infant is returned to room air, the retina becomes hypoxic, leading to VEGF upregulation and new vessel growth (Fig. 7) .
A mouse model of ROP has been established (Smith, L.E.H. et al., 1994) and is widely used. In this model, neonatal mice are reared in a high oxygen environment for 5 days and then returned to room air. Examination of the retinas of these mice upon removal to room air reveals significant areas of non-perfusion and is followed in the next 3-5 days by the growth of new vessels (Figs. 8, 9) . The retinas of neonatal mice incubated in high oxygen and then returned to room air had elevated levels of VEGF mRNA that was localized to Müller cells in the inner nuclear layer (Pierce, E.A. et al., 1995) . A causal link between VEGF expression and the observed neovascularization was demonstrated when the vessel growth was shown to be suppressed by the injection of soluble VEGF receptor chimeric proteins that block VEGF activity . Since the neovascularization had been shown to be due to hypoxia-induced VEGF, it was suspected that oxygen levels might be titrated to be high enough to prevent hypoxic damage to the retina but not so high as to suppress the VEGF expression required for normal retinal vascularization. This balance was shown to be effective in the kitten model of ROP and is now the focus of clinical trials for the treatment of human ROP. Further insight into the involvement of VEGF in the pathogenesis of ROP came from studies using a cat model of the disease. The vaso-obliterative phase of ROP was shown to be due to the suppression of VEGF expression by neuroglial cells by the elevated oxygen. Since the VEGF directs normal vascularization of the retina and is necessary for vessel stability during the nascent stage of vessel formation, its absence 2002), collagen XVIII (Fukai, N. et al., 2002) , bFGF (Rousseau, B. et al., 2003) , VEGF 188 (Stalmans, I. et al., 2002) and angiopoietin-2 (Gale, N.W. et al., 2002; Hackett, S.F. et al., 2002) . However, in these models, the persistence of the HSV is often associated with the defect of the retinal vascularization, suggesting that in some cases, hyaloid vessels could persist to compensate for the absence or lack of retinal vessels. Thus, the real role for these molecules in HSV regression must be determined in a context independent of retinal vascular abnormalities.
Proliferative retinopathies
Under normal circumstances, the blood vessels of the retina, though metabolically active, are quiescent with respect to growth (Engerman, R.L. et al., 1967) . However, there are a variety of retinal pathologies characterized by rapid vessel proliferation including, proliferative diabetic retinopathy, venous occlusion, and retinopathy of prematurity (ROP). These pathologies are all characterized by the presence of non-perfused, and therefore hypoxic, retinal tissue as a precedent to the neovascularization. Realizing that ischemia may contribute to the disease process and knowing that VEGF expression can be regulated by local oxygen levels, a number of laboratories, using various experimental models, have examined the role of VEGF in retinal neovascular diseases.
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C D leads to areas of vessel loss. Vessel regression was shown to occur via apoptosis, pointing to a role for VEGF as a survival factor in vivo. Upon return to room air, the absence of vessels provokes retinal hypoxia, elevated VEGF production and the growth of new vessels, similar to that seen in human infants.
Diabetic retinopathy
Ocular pathology is one of the many devastating complications of both Type I and Type 2 diabetes. Early changes in the retinal vasculature include vessel dilation, increased permeability, basement membrane thickening, loss of pericytes and formation of microaneurysms (for review see Frank, R.N., 2004) . This myriad of vascular changes reflects the chronic damage sustained by the vasculature as a result of metabolic alterations, including hyperglycemia, associated with diabetes. These changes lead to vascular dysfunction and loss. Though the nature of the dysfunction is not entirely understood it appears to include alterations in complement deposition and expression of leukocyte adhesion molecules (for review see Lorenzi, M. and Gerhardinger, C., 2001) . The ischemia that results from the loss of vessel perfusion leads to increased VEGF expression and vessel growth (Fig. 10) . These new vessels grow outside the retina and into the vitreous. In addition, these new vessels are leaky, due in part to the permeability-inducing effects of VEGF. Formation of a fibrous membrane, in combination with traction caused by vitreous attachments, can lead to retinal detachment. The predominant treatment for proliferative diabetic retinopathy (PDR), laser photocoagulation, directed at the avascular retina, frequently leads to vessel regression. This effect is likely due to the fact that the treatment destroys the source of the angiogenic/permeability factor, thus removing the VEGF required for stabilization of the nascent vessels.
There are no animal models of PDR. As the injury that leads to this complication in humans occurs over many years, it is likely that the lifespan of the rodents (mice and rats) that are most commonly used is not long enough to accumulate the "needed" neural and vascular alterations. As an alternative ischemiainduced neovascularization is used as a model of PDR. Using a modification of a model of retinal ischemia-induced iris neovascularization (Virdi, P.S. and Hayreh, S.S., 1982) , the expression of VEGF was examined in the cynomologous money retina, which had been rendered ischemic by laser occlusion of the branch retinal veins . Seven to fourteen days following the occlusion, new blood vessels grow on the surface of the iris. (This is similar to rubeosis iridis, which occurs in diabetics and is associated with retinal capillary nonperfusion). VEGF protein and mRNA levels were shown to correlate with the timing and severity of iris angiogenesis. PCR analysis revealed that the retina was producing the 121 and 165 amino acid isoforms of VEGF, the more diffusible forms relative to the third known isoform VEGF189 . (Primate VEGF isoforms have one amino acid more than the rodent 17 day old C57BL/6 control mouse exposed to room air. (B) 17 day old mouse exposed to 75% oxygen from p7 to p 12 before returning to room air. Arrows indicate neovascular tufts extending into the vitreous. Bar represents 100 µm. V, vitreous; ILM, internal limiting membrane; GCL, ganglion cell layer; IPL inner plexiform layer.
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counterparts.) In situ hybridization demonstrated VEGF mRNA expression by the ganglion cells of the retinal ganglion cell layer and by another cell type, possibly amacrine cells, in the inner nuclear layer . This expression pattern is consistent with the concept that expression is regulated by hypoxia because these cells are located in the inner retina which is the tissue normally served by the occluded vessels. A necessary role for VEGF in this process was demonstrated by studies in which neutralizing monoclonal antibodies against VEGF were administered intra-vitreally at the time of vein occlusion and every other day thereafter for 14 days. The vitreous of eyes with proliferative diabetic retinopathy has been shown to have levels of VEGF significantly higher than vitreous from eyes without proliferative retinopathy Aiello, L.P. et al., 1994; Malecaze, F. et al., 1994) and neovascular membranes were shown to have VEGF mRNA (Malecaze, F. et al., 1994) .
Summary
Developmental ocular vascularization is a complex process which requires the strict coordination of numerous molecular and cellular interactions. However, many of the regulators involved in the angiogenic process are still unknown. Further investigations are needed to improve our understanding of the basic mechanisms of blood vessel formation. This information is important not only to further our understanding of vascular development but because pathologic processes frequently mimic those of development. For example, the already well-known vascular functions of VEGF and its receptors have led to the creation of innovative and promising strategies for the treatment of neovascular pathologies. These new strategies, based on the inactivation of VEGF signaling, are currently in clinical trials for ophthalmic diseases such as AMD and diabetic maculopathy. One of today's challenges is to improve the safety and efficiency of these new drugs. As we have described here, VEGF functions are not limited to active angiogenesis, but also seem to be required for the maintenance and the differentiation of mature blood vessels such as the choriocapillaris. Therefore, delivery of these anti-VEGF treatments needs to be specific to sites of neovascularization or limited to a short duration to prevent disruption of the normal vasculature. Thus, knowledge of the developmental regulation of the vasculature will not only expand our understanding of ocular development but will also support the advancement of new therapeutic approaches.
